Furan ring of limoninoids is critical in exhibiting insecticidal activity. Herein, fraxinellone (1) was used as a template of furan-containing natural products and a series of its derivatives was synthesized by selective bromination in good yields on gram-scale and following Suzuki-Miyaura or Sonogashira coupling reactions in moderate to good yields. Bromination of limonin (9) was also accomplished without altering other functional groups in high yield. Furthermore, an evaluation of insecticidal activity against the instar larvae of Mythimna separata showed that derivatives 2, 3b, 3g, 5a, 5d and 5h displayed more potent insecticidal activity than 1 and toosendanin.
limited the derivatives with the furan ring intact to only a few examples 34 . Since the importance has implicated the furan ring, such derivatives would be useful in elucidating additional SAR.
The modification of aromatic functionalities of NPs could be accomplished by introducing a halide using enzymatic 17, 18, 35 or chemical methods 36 , followed by further diversification using various palladium-catalyzed transformations 20 . The furan ring of 1 was previously halogenated selectively at the C-2′ and C-5′ position using N-bromosuccinimide (NBS) or N-chloromosuccinimide (NCS), however, the reaction conditions only gave dihalofraxinellone 6 and lactone 7 in very low yields 34 (less than 30% in total) ( Fig. 2) . Thus, the lack of selective halogenation of the furan ring of NPs had limited the synthese of their derivatives.
In our continuing endeavor to find more active natural product-based insecticidal hits [37] [38] [39] [40] [41] [42] [43] [44] and in order to improve the selectivity of halogenation and enrich the chemical diversity of furan-containing NPs, we herein report the more selective brominations and further palladium-catalyzed transformations on furan rings of fraxinellone (1) and its reduced derivative 2, and their insecticidal activity against M. separata Walker. 
Results and Discussion
Chemistry. The furan ring of fraxinellone (1) was previously brominated at the C-2′ and C-5′ positions using NBS ( Fig. 2) 34 ; however, these reaction conditions produced either low or highly variable yields. In order to optimize the reaction conditions to obtain the monobromofraxinellone or dibromofraxinellone selectively in a higher yield, a reduced fraxinellone (2) was used as the starting material for excluding the possible effect of C-2 and C-3 double bonds in the NBS bromination reaction of 1. Reaction temperature and the loading amount of NBS were investigated (Table S1), but it was found that these reactions not only required long reaction times but also produced target production 3 or 4 ( Fig. 3 ) in low yield. Considering that the Br + mechanism was involved in the bromination and Br 2 of low concentration was continuously released with NBS, we tested Br 2 as the brominating reagent directly and the combination of NBS (as brominating reagent) and Br 2 (as catalyst) in the reaction, respectively. Finally, studies revealed that 0.4 eq of Br 2 with 1.05 eq of NBS under room temperature was optimal. In that condition, monobromination product 3 was produced in 52% yield and dibromides 4 was obtained in 24% yield (Fig. 3) . The steric configuration of 3 was also confirmed by X-ray crystallography.
Using the optimal bromination condition of 2, the bromination of fraxinellone (1) was then examined (Fig. 4 , entries 1 and 2), and three main products (5, 6 and 7) were separated and analyzed, in which the lactone 7 might be the product of the reaction between H 2 O and Br onium ion (more likely) or the hydrolysis of 6. Interestingly, Reactions were performed using 0.02 mmol of 1 in CH 2 Cl 2 . Yield was determined by 1 H NMR analysis of the reaction mixture in 0.6 mL CDCl 3 (See the Figs S3-S5 in the Supporting Information). Entries 1-4 were carried out under CFL (household compact fluorescent lamp, 28 W), and entries 5-10 were carried out in the dark; The CCDC number of compound 5 (X-ray) is 1549253; a Isolated yield; b 1.1 g of 1 was carried out.
SCiENtifiC REPORTS | (2018) 8:8372 | DOI:10.1038/s41598-018-26747-0 NBS as the only brominating reagent (entries 3 and 4), the reactions also could complete in 5 hours, while the byproduct 8 was produced naturally under the free radical mechanism from 5. In order to obtain the target productions 5 and 6 selectively, the reactions were then carried out at 0 °C in the dark. However, compound 8 could be avoided but 7 was obtained in higher yields than that at room temperature whatever the loading of NBS was high or low (entries 5-7). For example, when 1.4 equivalent NBS was used, the lactone 7 was produced in 55% yield. Based on the experimental results, we proposed temperature may be related to the production of the lactone 7. Next, the influence of temperature was investigated. To our delight, the yields of 7 decreases with the increasing of the temperature (entries [8] [9] . Notably, when the temperature was increased to 40 °C and 1.4 equivalent NBS was used alone, the monobromide 5 (62%) and dibromides 6 (38%) were obtained in nearly quantitative yield (entry 9).
Next, other four typical brominating reagents (DBDMH, DBI, TBCHD and C 2 Br 6 ) were further chosen to investigate the selective bromination of furan ring of fraxinellone (1), and the results are shown in Fig. 5 . When the reaction was carried out with 1.4 equivalent of 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) at 40 °C in 2 h, to our delight, the dibromides 6 was obtained in excellent yield (91%) as the sole product. 0.5 equivalent of DBDMH gave the monobromide 5 in 56% yield and 35% of 1 recycled. Other reagents, such as 1,3-dibromo-1,3,5-triazine-2,4,6-trione (DBI) or 2,4,4,6-tetrabromo-2,5-cyclohexadienone (TBCHD), gave the mixture of at least three products, or no product was converted with C 2 Br 6 .
To extend the bromination conditions (entry 9 in Fig. 4 and entry 1 in Fig. 5 ) to more complex NPs, the bromination of limonin (9) was also investigated in Fig. 6 . Monobromofuran 10 and dibromofuran 11 of limonin were both obtained in similar yields as above. Notably, when the reaction was carried out with 1.4 equivalent of DBDMH, an excellent yield (99%) of 11 was obtained (entry 2). This result implied that the bromination conditions may be applied to the synthesis of biological probes using other furan-containing NPs.
Having optimized the conditions to selectively introduce bromide(s) on the furan of 1 and 2, next our attention turned to exploring the palladium-catalyzed transformations using Suzuki-Miyaura and Sonogashira couplings. All the intermediates (3, 4, 5 and 6) can be prepared in gram-scale. 2 with NBS (1.05 equiv.) and Br 2 (0.4 equiv.) at room temperature for 1 h afforded 3 (52%) and 4 (24%), respectively (entry 12 in Table S1 ). 1 with NBS at 40 °C for 3 h gave 5 (60%) and 6 (35%), respectively (entry 10 in Fig. 4 ). 6 (85%) was obtained by reacting with DBDMH (1.4 equiv.) at 40 °C for 2 h (entry 6 in Fig. 5 ).
With bromofraxinellone derivatives 3-6 in hand, a variety of alkyl, aryl and alkynyl substituents were appended to the C-2′ and C-5′ position in 1 and 2 through palladium-catalyzed coupling reactions (Figs 7 and 8 ). For Suzuki-Miyaura coupling reaction of 3 and 4 as shown in Fig. 7 , phenyl and naphthyl boronic acids typically produced good to excellent yields (3a 95%, 3d 85%, 4a 98%). In addition, aliphatic and phenyl rings bearing electron-withdrawing substituents produced fair yields (3b 56%, 3g 58%, 4b 57%, 3e 57%, 3f 54%). For Sonogashira coupling reaction, the phenylethynyl group was appended to furan ring of 1 to afford 3c (82%) and 4c (90%) in good to excellent yields. Similarly, coupling products of 5 and 6 were obtained through Suzuki-Miyaura and Sonogashira reactions ( Fig. 8 ). In the case of meta-hydroxymethylphenyl boric acid, the expected product 5 h was produced in 41% yield. Besides, representative compounds showed water stability at the 1.0 mM of concentration stayed for at least 3 days in PBS (pH 7.4) with HPLC analysis (shown in Fig. S9 ). Insecticidal activity evaluation. The insecticidal activity of all derivatives against the pre-third-instar larvae of M. separata was tested by the leaf-dipping method as the mortality rates at 1 mg/mL 45 . Toosendanin, a commercial insecticide, was used as a positive control at 1 mg/mL, and leaves treated with acetone alone were used as a blank control group. The corrected mortality rate was outlined in Table 1 . As a previous report 30 , the reduced fraxinellone 2 exhibited stronger mortality activity than precursor 1, and the mortality rates of these tested compounds against M. separata after 35 days were often higher than those after 10 and 20 days. The symptoms of the larvae of M. separate treated by these compounds were slim and wrinkled bodies during the larval period ( Fig. 9 ). Many larvae molted to malformed pupae or died in the treated groups during the stage of pupation ( Fig. 10 ), and some malformed moths of the treated groups appeared with imperfect wings during the emergence period ( Fig. 11 ), implying that these derivatives might display an antimolting hormone effect 32, 33 .
Meanwhile, some interesting SAR results of tested compounds were also observed: (1) Comparing mortality rates of two series derivatives before or after reduction of the C=C bond between the C-2 and C-3 positions, non-reduced bromofraxinellone 5, 6 and almost all of their derivatives, except 5g, showed a much better insecticidal activity (mortality rates >30%) than precursor 1. The reduced derivative 2 showed the most promising insecticidal activity with a final mortality rate of 71.4%, yet its derivatives 3, 4, 3a-g and 4a-c all decreased dramatically. (2) Derivatives bearing one bromine atom on the furan ring showed stronger final mortality activity than those with two bromine atoms (3 vs 4, 5 vs 6). (3) 7 showed the weakest potent of insecticidal activity, in consistence with previous report about the tetrahydrofuran fraxinellone 46 , also indicating that the aromatic property of furan ring was very important for the insecticidal activity. (4) 3b, 3g, 5a, 5d and 5h displayed more potent insecticidal activity than toosendanin, perhaps simplying that aliphatic chain may lead to an improved level of insecticidal activity for 2, and aromatic chain without electron withdrawing group may be beneficial for insecticidal activity of 1.
Conclusion
We semisynthesized a series of fraxinellone derivatives through furan-site selective bromination and Pd-catalyzed coupling reactions. The conditions of the NBS (1.4 equiv.) and 40 °C as well as DBDMH could improve the yields of bromination of fraxinellone. Notably, when the reaction was carried out with DBDMH, the dibromofraxinellone 6 was obtained in excellent yield (91%). Furthermore, a variety of alkyl, aryl and alkynyl substituents were introduced on their furan ring, and 20 derivatives were semisynthesized by Suzuki-Miyaura or Sonogashira couplings in 41-98% yields, revealing the ability of preparing new furan derivatives on furan-containing NPs. An evaluation of insecticidal activity showed that 2, 3b, 3g, 5a, 5d and 5h displayed more potent insecticidal activity than fraxinellone and toosendanin. However, the corresponding pharmacological data and target of action of fraxinellone and its active derivatives remained underexplored up to now. This study will provide new synthetic modification or give a highly amenable process for the synthesis of furan-containing limonoids as biological probes, which will be presented in due course.
Methods
Chemistry. General. All NMR spectra were recorded on a 500 MHz Bruker NMR spectrometer in CDCl 3 with TMS as internal standard for 1 H NMR and solvent signals as internal standard for 13 C NMR. Chemical shift values are mentioned in δ (ppm) and coupling constants (J) are given in Hz. HR-ESI-MS spectra were recorded on an ESI-Thermo Fisher LTQ Fleet instrument spectrometer or AB Sciex 5600 Triple TOF mass spectrometer. Column chromatography (CC) was performed over silica gel (200-300 mesh, Qingdao Marine Chemical Ltd.). All reactions were monitored by thin-layer chromatography carried out on 2 cm × 5 cm pre-coated silica gel GF 254 plates of thickness of 0.25 mm (Qingdao Marine Chemical Group, Co.) with UV light (254 nm and 365 nm), and were visualized using 5% phosphomolybdic acid followed by heating. Household compact fluorescent lamp (CFL, 28 W, Zhejiang Yankon Group Co., Ltd.) was used as light source in the reactions. All commercially available solvents and reagents were freshly purified and dried by standard techniques prior to use.
Reduction of 1. NaBH 4 (1.2 g, 31.9 mmol) was added to a solution of 1 (2 g, 8.6 mmol) in absolute EtOH (50 mL). After the reaction stirring at 40 °C for 24 hours, the EtOH was removed in vacuo. Then 50 mL H 2 O were added to the residue and the mixture was extracted with CHCl 3 (50 mL × 4). The organic phase was washed with H 2 O until neutral, and then evaporated to dryness to give a light yellow oil. Flash chromatography of the yellow oil residue over silica gel (2.5 × 45 cm), using 30:1 PE-EtOAc, gave 2 (1.22 g, 60%) as a white powder. was continued for 9 h and the mixture was subjected to silica gel flash chromatography directly, using 40:1 PE-EtOAc and then 20:1 PE-EtOAc, gave 3 and 4 in yields as listed in Table S1 . In gram-scale, 1.3 g of compound 2 was carried out.
Typical procedure for the synthesis of 5, 6 and 7. A Schlenk tube was charged with fraxinellone (1) (100 mg, 0.43 mmol) and NBS (107 mg, 0.60 mmol). Then the DCM (10 mL) was added to this tube. The reaction mixture was stirred at 40 °C and kept in the dark for 3 h. After the reaction was completed, the mixture was subjected to silica gel flash chromatography directly, using 40:1 PE-EtOAc and then 20:1 PE-EtOAc, gave 5, 6 and 7 in yields as listed in Fig. 4 . In gram-scale, 1.1 g of compound 1 was carried out.
General procedure for the synthesis of 3a-3b, 3d-3g, 5a-5b and 5d-5h . The typical Suzuki-Miyaura couplings were utilized with the ref. 47 . An oven-dried Schlenk tube was charged with 3 (40.4 mg, 0.129 mmol) or 5 (40.1 mg, 0.129 mmol), Pd 2 dba 3 (4.7 mg, 0.0051 mmol), SPhos (9.8 mg, 0.020 mmol), boronic acid (0.258 mmol) and K 3 PO 4 (82.2 mg, 0.387 mmol). The tube was evacuated and flushed with argon 5 times before adding toluene (3 mL).
After stirring at room temperature for 5 min, the reaction mixture was heated to 60 °C for 16 h. Then the reaction was cooled to room temperature, diluted with EtOAc (3 mL) and filtered through a thin pad of silica gel. Solvent was evaporated under reduced pressure. Flash chromatography of the residue over silica gel (1.5 × 30 cm), using 30:1 PE-EtOAc, gave 3a-3b, 3d-3g, 5a-5b and 5d-5h in yields as listed in Figs 7 and 8. 3b, 3f, 3g, 4, 4a, 4c, 5, 5a, 5c, 5e, 5g, 6a and 6b during the pupation period. General procedure for the synthesis of 4a-4b and 6a-6b. An oven-dried Schlenk tube was charged with 4 (50.6 mg, 0.129 mmol) or 6 (50.3 mg, 0.129 mmol), Pd 2 dba 3 (4.7 mg, 0.005 mmol), SPhos (9.8 mg, 0.020 mmol), boronic acid (0.516 mmol) and K 3 PO 4 (82.2 mg, 0.387 mmol). The tube was evacuated and flushed with argon 5 times before adding toluene (3 mL) . After stirring at room temperature for 5 min, the reaction mixture was heated to 60 °C for 16 h. Then the reaction was cooled to room temperature, diluted with EtOAc (3 mL) and filtered through a thin pad of silica gel. Solvent was evaporated under reduced pressure. Flash chromatography of the residue over silica gel (1.5 × 30 cm), using 40:1 PE-EtOAc, gave 4a-4b and 6a-6b in yields as listed in Figs 7 and 8 .
General procedure for the synthesis of 3c, 4c and 5c. The typical Sonogashira couplings were utilized with the ref. 48 . An oven-dried Schlenk tube was charged with 3 (40.4 mg, 0.129 mmol), 4 (50.6 mg, 0.129 mmol) or 5 (40.1 mg, 0.129 mmol), PdCl 2 (PPh 3 ) 2 (4.5 mg, 0.006 mmol) and CuI (2.5 mg, 0.013 mmol). The tube was evacuated and flushed with argon 5 times before adding toluene (3 mL) and THF-Et 3 N (1:1, 2 mL). After stirring at room temperature for 5 min, phenylethyne (258 mmol or 516 mmol) was added. Then the reaction mixture was heated to 80 °C for 16 h. When the reaction was completed, the reaction mixture was cooled to room temperature and filtered through a thin pad of silica gel, rinsing with EtOAc (70 mL). Then the filtrate was rinsed with 1 N HCl (~20 mL) and brine (~20 mL). The organic layer was dried over NaSO 4 , concentrated in vacuo. Flash chromatography of the residue over silica gel (1.5 × 30 cm), using 30:1 PE-EtOAc, gave 3c, 4c and 5c in yields as listed in 13 6, 110.7, 81.6, 48.9, 43.8, 35.6, 30.9, 28.8, 22.4, 19.4, 18. 48.8, 43.6, 35.5, 30.9, 30.8, 28.9, 26.3, 22.5, 22.4, 19.6, 18.7, 14. 129.4 (2C), 128.7 (4C), 127. 6, 121.8, 121.7, 115.2, 97.9, 94.9, 81.5, 78.9, 78.2, 48.6, 44.3, 35.09, 30.8, 28.7, 22.3, 19.5, 18. 
